The time evolution of atomic photoionization by an intense few-cycle laser pulse is theoretically investigated. A possible modification of the recent attosecond tunnelling experiment in Uiberacker et al (2007 Nature 446 627) is proposed, which consists of measuring the yield of the doubly charged Li ions produced by the combined action of a strong few-cycle infrared pulse and an ultrashort (attosecond) extreme ultraviolet (XUV) pulse. We predict the results of such an experiment, based on the numerical solution of the time-dependent Schrödinger equation, which describes the atomic electron in a strong laser field. The influence of the XUV pulse is treated in the sudden approximation. It is shown that the dependence of the double ionization cross section on the time delay between the two pulses reflects the time evolution of the strong-field ionization. We demonstrate that even more detailed information can be gained from the forward-backward asymmetry of the photoelectron emission.
ionization theory [2] . The modelling described well the general features of the experiment (for details see supplementary information to the paper [1] ). However, some details, such as the steepness of the ionization steps and the dips preceding them in the measured data, are not well reproduced by the model. As a proof-of-principle attosecond tunnelling experiment, the investigation of Ne double ionization is very important. However, its interpretation encounters serious inherent problems. At the attosecond XUV ionization many shake-up states can be populated. Thus, the yield curve of Ne 2+ contains contributions from the strong-field ionization of several states, and it is not at all easy to separate the contribution of an individual state which contains information on the time development of the strong-field ionization. Besides, the excitation of the shake-up ionic states occurs in the presence of the strong NIR field which can significantly affect the population probability. This has led the authors of the paper [1] to the plausible suggestion that the origin of the small dips in the yield curve is connected with the influence of the strong laser field on the shake-up process. This question is still open.
In this communication we propose a possible modification of the above-described experiment suitable for studying the time development of the strong-field ionization on the attosecond scale which is free from the above-discussed shortcomings. We suggest studying the strong-field ionization of Li atoms by measuring the yield of the doubly charged Li ions as a function of the time delay between the strong infrared (IR) pulse and the probing attosecond XUV pulse. The outer 2s electron in the Li atom has the binding energy of E b = 5.39 eV. It will be effectively ionized already at moderate laser intensity of 10 12 -10 13 W cm −2 . On the other hand, the ionization potential of Li + is very high, 75.64 eV, therefore double ionization of Li atoms by the IR field is practically impossible for such laser intensities. Double ionization by a weak XUV pulse is also very improbable (less than 1% of the total ionization yield [3] ). Therefore, the doubly charged Li ions will be mainly produced by joint action of both fields.
The process we are discussing may be considered as comprising three stages. At the first stage the Li atoms are 'heated' by the strong IR field, and some of the electrons start to leave the parent atoms. Then the ultrashort (attosecond) XUV pulse arrives and ejects an inner shell 1s electron. Due to a sudden increase in the attractive potential, for those excited valence electrons, which are still close to the nucleus, the emission probability becomes considerably suppressed. However, the electrons, which are already far away (in the region where the atomic potential is negligible), will continue to be driven by the strong IR field and may be finally ejected. Thus, the double ionization will be completed. Roughly speaking, one can say that the XUV pulse interrupts the electron-emission process initiated by the laser pulse. In this sense, the XUV pulse can be considered as a probe pulse. The final probability of double ionization will depend on the time delay between the IR and the XUV pulses. By measuring the yield of the doubly charged ions as a function of the time delay between the two pulses, one can obtain information on the time evolution of the strong-field ionization. Note that in the case of Li, the initial state of the electron to be ionized is a well-defined ground state and therefore the accurate theoretical analysis of the experiment is more feasible than that of the first experiment [1] .
In the following, we present a theoretical model of the above process which reveals the characteristic features similar to those which were observed in recent experiment on attosecond tunnelling [1] . The model is based on the numerical solution of the time-dependent Schrödinger equation (TDSE) and includes on equal footing the realistic atomic and ionic potentials and the strong electromagnetic field. We calculate the double-ionization probability for different intensities of the IR laser field under conditions which are very close to the recent experiment [1] . We consider a short (5 fs FWHM) laser pulse with the basic wavelength of 800 nm and with the intensity in the interval of I (0.5 − 2) × 10 13 W cm 2 . For such intensities, the Keldysh parameter [4] is γ = E b /2U p (3 − 1.5) (U p is the ponderomotive energy). Thus, we consider the intermediate regime between the multiphoton (γ 1) and tunnelling (γ 1) strong-field ionization. We suppose that the XUV pulse is extremely short so that its duration (τ X ) is much smaller than the half period of the laser light, τ X T L /2. For the considered laser wavelength this means that τ X < 100 as. This condition allows us to considerably simplify the computations since the sudden approximation can be used for a description of the XUV pulse effect. However, if in a real experiment the XUV pulse is not so short, one can use the theoretical approach similar to that developed in our paper [5] . Thus, the limitation introduced by the sudden approximation is not very important.
For a description of the strong-field ionization of the Li atom, we solve the TDSE within the single-active electron approximation. By expanding the electron wavefunction in partial waves one obtains the system of non-stationary equations for the partial wavefunctions (atomic units are used throughout unless otherwise indicated):
Here u (r, t) is the radial part of the partial wavefunction of the active electron corresponding to the orbital angular momentum ,ĥ ( ) (r) is the -dependent single-electron Hamiltonian, and the coefficients C( , ) are the angular parts of the dipole matrix elements (see, for example, equation (3) in [6] ). We suppose that initially, i.e. before the atom is irradiated by the electromagnetic pulses, the electron is in the atomic 2s state, u 2s (r). Therefore, the initial condition for the functions u (r, t) can be written as
where δ 0 is the Kronecker symbol. The single-electron Hamiltonian
contains an effective -dependent potential U (r) which we have chosen as follows.
(i) If t t d (t d is the delay of the XUV pulse counted from the onset of the IR pulse at t = 0), then the potential of the atomic core is taken in the l-dependent form [7] :
where the parameters a (i) (i = 1 − 3), α and d have been fitted in such a way that the calculated energy positions of the low-energy levels of each symmetry ( = 0, 1, 2) reproduce the experimental data [8] . For the higher orbital momenta the potential was taken the same as for = 2.
(ii) If t > t d , then the potential of the ionic core, which consists of the nucleus and one 1s electron, is taken as a screened hydrogen-like potential:
Thus, in the spirit of the sudden approximation, at the moment t = t d , the potential, which is felt by the valence electron, suddenly changes from (4) to (5).
The last term in equation (1) describes the dipole interaction of the electron with the strong laser field E L (t): where E 0L is the amplitude, ε L (t) is the envelope and ω L is the carrier frequency of the IR pulse. We suppose that the laser field is linearly polarized along the z direction and has a cosine-type envelope:
The pulse starts at t = 0, reaches its maximal value at t = τ L and the FWHM of its envelope is τ L . Since the laser field is strong, it mixes the partial states with different ; the coefficients C( , ) in (1) describe this mixing.
The system of equations (1) has been solved using the split-propagation algorithm with the Crank-Nicolson propagator [9, 10] . Up to 50 partial waves have been taken into account. Further details of the calculations as well as a description of the used algorithm can be found in [11] .
In figure 1 , the calculated probability of Li double ionization is presented as a function of the delay between the IR laser and the XUV pulses for several intensities of the laser. (In the presentation of the results we do not include the probability of 1s ionization by the XUV pulse which is independent of the delay time. For simplicity it is set equal to unity. Thus, we compute the probability of the process per one absorbed XUV photon. To obtain the cross section of double ionization, one should multiply the shown probability by the cross section of single ionization of the 1s electron by the XUV pulse.) In all cases the probability is increasing from some minimal value, corresponding to the strong-field ionization of the Li + ion with a vacancy in an inner 1s shell which was produced instantaneously by the XUV pulse acting before the laser pulse. At small delay time, the probability is almost constant since the IR field is still weak so that before the XUV pulse the valence electron is not yet excited. However, at the delay t d > 100 au (2.4 fs), the ionization probability quickly increases with the delay. At small laser intensity it increases almost monotonically. However, already at the intensity of 1 × 10 13 W cm −2 the sharp steps with preceding minima appear. The first step is especially well pronounced. The sharp increase of the probability and the following minimum are correlated with the maxima and minima of the vector potential of the laser field at least for the first two strong peaks of the squared vector potential (shown by the dashed curve). The steps become less pronounced at larger time delay. The reason is obvious: for a large delay the emitted electron wave packet has already propagated at large distance from the atom and the influence of the potential change due to the XUV ionization is not so strong as at smaller delays.
The asymptotic values of the probability at large delays, when the XUV pulse comes long after the laser pulse has already terminated, are shown by the horizontal bars. They correspond to the single-ionization probability of the Li atom by the IR laser pulse. This probability remains less than unity and tends to the value about 0.75 as the intensity of the IR pulse further increases (not shown in the figure) which is known as the stabilization effect [12] . Note that at the two larger intensities shown in figure 1 , the ionization is almost completed before the IR pulse achieves its maximum (t = 206 au or 5 fs). The calculated dependence of the double ionization cross section on the delay time between the two pulses shows the principle characteristic features, which have been observed in the experiment [1] .
To avoid possible confusion we would stress that the visual similarity of the yield curves in figure 1 of this paper and in figure 4 of the experimental work [1] should be considered with some caution. In fact, the sequence of processes in the two papers is different and, correspondingly, the definitions of the delay time are also different. In [1] the state, which is ionized by the strong field, is created by the XUV pulse which shakes up an electron; therefore, the maximal ionization occurs when the laser pulse follows the XUV pulse. In the process considered currently, the laser pulse ionizes the existing electronic state until the XUV pulse arrives; therefore, the maximal ionization occurs when the XUV pulse follows the laser pulse. Nevertheless, the physical process, namely the strong-field ionization of a weakly bound atomic state, is essentially the same and the qualitative similarity of the results is not accidental but reflects the same time development of the field ionization process.
In order to achieve better understanding of the time evolution of the ionization, we have also calculated the probability of ionization separately for the case when the electrons are emitted forward (in the forward hemisphere) and backward (in the backward hemisphere) with respect to the direction of the IR pulse electric field at the envelope maximum (t = τ L ). The results are presented in figures 2-4 for the pulse intensities 0.5×10 13 and 2 × 10 13 W cm −2 , respectively. Consider first the lowest intensity (figure 2). One can see that the first step is mainly due to ionization events with emission of electrons in the backward direction (blue triangles pointing down). This peak is associated with the first strong maximum of the vector potential when the electric field is decreasing. In contrast, the second maximum is connected with the emission of electrons in the forward direction (red triangles pointing up). It is stronger since it is associated with the stronger peak of the vector potential, but at another phase of the field. The following maxima in both curves are less pronounced. This can be simply explained by the fact that the number of electrons which are still close to the atom quickly diminishes with the delay time. Note that the asymptotic value of the probability with backward emission is larger than that with the forward emission. Similar forward-backward asymmetry was found theoretically for strong-field ionization of hydrogen atoms by few-cycle pulses in [13] , and was also observed experimentally for Xe atoms by Paulus et al [14] . One can see from the figure that the time variation of the strong-field ionization is much more pronounced when observed with the selection of electrons by the direction of emission.
When the intensity of the IR pulse increases (see figures 3 and 4 for the pulse intensities of 1 × 10 13 W cm −2 and 2 × 10 13 W cm −2 , respectively), the second maximum in the backward emission curve practically disappears. It is interesting that here, contrary to the previous case, the forward emission asymptotically dominates. Thus the forward-backward asymmetry of electron emission changes its sign depending on the field intensity. This phenomenon was already noted and discussed in paper [13] . At larger intensity (figure 4) the dominance of the forward emission becomes stronger. Besides, the first step appears already in both 'forward' and 'backward' curves. The first step in the sum curve becomes very strong and sharp. The probability of ionization is already close to the stabilization level, therefore the second step is much less pronounced. Comparing figures 3 and 4, one can see that the probability of the backward emission is almost independent of the IR laser intensity, while the probability of the electron emission in the forward direction changes drastically during the first half of the IR pulse.
In conclusion, the suggested pump-probe experiment on double ionization of Li atoms seems to be feasible with modern experimental facilities. It allows one to obtain information on the strong-field ionization in the time domain. At the same time its interpretation is comparatively easy since the ionized state is the ground atomic state. Our model calculations show all the principal characteristic features that were observed in the first attosecond tunnelling experiment [1] . We have also found that the study of the time development of the strong-field ionization process with the separation of the forward and backward emission of slow electrons is more informative than only the double-charged ion yield and reveals a pronounced time structure.
